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The current flow in phosphorene pnp junctions is studied. At the interfaces of the junction, omni-
directional total reflection takes place, named anti-super-Klein tunneling, as this effect is not due to
an energetically forbidden region but due to pseudo-spin blocking. The anti-super-Klein tunneling
confines electrons within the junction, which thus represents a perfect lossless electron waveguide.
Calculating the current flow by applying the Green’s function method onto a tight-binding model
of phosphorene, it is observed that narrow electron beams propagate in these waveguides like light
beams in optical fibers. The perfect guiding is found for all steering angles of the electron beam as
the total reflection does not rely on the existence of a critical angle. For low electron energies and
narrow junctions, the guided modes of the waveguide are observed. The waveguide operates without
any loss only for a specific orientation of the junction. For arbitrary orientations, minor leakage
currents are found, which however decay for low electron energies and grazing incidence angles. It
is shown that a crossroad shaped pnp junction can be used to split and direct the current flow in
phosphorene. The proposed device, a phosphorene pnp junction as a lossless electron waveguide,
may not only find applications in nanoelectronics but also in quantum information technology.
I. INTRODUCTION
Graphene is nowadays certainly the most studied two-
dimensional (2D) material, due to its exceptional prop-
erties and possible technological applications. Neverthe-
less, the absence of an intrinsic band gap complicates the
realization of certain nanoelectronic devices [1]. Several
other 2D materials have been predicted and synthesized
in recent years [2–10]. One of them is phosphorene, a
single layer of black phosphorous, which possesses an in-
trinsic band gap and high electron mobility [7, 11–47].
Moreover, unconventional properties like negative reflec-
tion and anti-super-Klein tunneling [42], make phospho-
rene a promising material for nanoelectronic applications.
The ballistic electron propagation in 2D materials al-
lows the observation of analogies from optics [42, 48–66].
For example, it has been shown that an electron beam,
which hits the interface of a pn junction, is refracted
similar to a light beam at the interface of two different
media. An important tool for electron optics in 2D mate-
rials are waveguides or fibers, which may find application
as electron conveyors in quantum information processes
[60]. One strategy to construct such waveguides is to use
gates that generate regions of different electrostatic po-
tential and thus, constitute a pnp junction or, in other
words, a potential well.
Electron optics in 2D materials is studied commonly
in graphene. However, the Klein tunneling of electrons
prevents the efficient confinement of electrons by means
of pnp junctions [67–69]. As a solution to this problem,
it has been suggested to steer the electron beam with
incidence angles larger than the critical angle or to use
smooth bipolar junctions [61, 70–85]. Nevertheless, these
strategies do not prevent Klein tunneling at normal in-
cidence and hence, reduce the efficiency of the device.
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In this paper, we show that these problems do not ap-
pear in phosphorene due to anti-super-Klein tunneling,
the omni-directional total reflection at the interface of a
pn junction.
In the following, we analyze quantum transport in
phosphorene pnp junctions. We calculate numerically
the current flow by applying the nonequilibrium Green’s
function method on a tight-binding model of phospho-
rene. These calculations demonstrate that phosphorene
pnp junctions constitute perfect electron waveguides,
without any leakage current through the sidewalls. This
perfect guiding of electrons persists for all energies in
the pnp regime and all incidence angles. The electron
waveguide works perfectly only for a specific orientation
of the junction with respect to the phosphorene lattice.
For arbitrary orientations, minor leakage currents are ob-
served, which however decay for low electron energies and
grazing incidence angles. Using a continuum model of
phosphorene, we solve the Schro¨dinger equation analyti-
cally, which will allow us to understand the appearance of
guided modes for low electron energies and narrow waveg-
uides. Finally, we demonstrate that the current can be
divided and guided efficiently in a crossroad-shaped pnp
junction.
II. TIGHT-BINDING MODEL OF
PHOSPHORENE
Phosphorene, a monolayer of black phosphorous, is a
puckered two-dimensional crystal, see Figure 1 (a, top).
Its tight-binding model is given by
H =
∑
〈i,j〉
tij |i〉 〈j|+ H.c., (1)
where |i〉 are the atomic states localized on the phospho-
rous atoms at position ri. The sum takes into account
first and second nearest neighbors, which are coupled by
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Figure 1. (a) Crystal structure of phosphorene and its projection on the xy plane. The parameters t1 and t2 ≈ −3t1 represent
the hoppings to first and second nearest neighbors, while a and b are the lattice vectors. The vector δ connects the two
sublattices (or the two atoms of the unit cell). (b) The electronic band structure of phosphorene has a band gap and is strongly
anisotropic around the Γ point. (c) An electrostatic potential V shifts the energy bands of phosphorene and generates a pn
junction, where electron at energy E go from the conduction band (region I, orange) to the valence band (region II, blue).
the energies t1 = −1.22 eV and t2 = 3.665 eV, respec-
tively [15, 17, 18, 24, 25, 35, 42, 86]. The tight-binding
model of phosphorene can be understood more easily by
projecting the atoms to the xy plane, keeping their cou-
plings constant, see Figure 1 (a, bottom). This projection
shows that the phosphorene lattice can be understood as
a strongly deformed hexagonal lattice with lattice con-
stants a = 4.42, b = 3.27 and δ = 0.8 A˚ which connects
the two atoms of the unit cell [87].
Using a plane-wave ansatz, the tight-binding Hamilto-
nian can be written as
H(k) =
(
0 g∗(k)
g(k) 0
)
, (2)
where
g(k) = e−ikδ [t2 + 2t1eika/2 cos(kb/2)] (3)
with kδ = k · δ, ka = k · a kb = k · b. The energy bands
are given by
E(k) = s |g(k)|
= s
√
t22 + 4t1t2 cos(ka/2) cos(kb/2) + 4t
2
1 cos
2(kb/2),
(4)
where s = sgn(E) = ±1. They show a band gap
2∆ = 4t1 + 2t2 and strong anisotropy around the Γ
point. In the armchair direction (x-axis in Figure 1 (a),
kb = 0), the electrons behave approximately as massive
Dirac Fermions. Their dispersion relation is quadratic
at low energies, followed by a long linear regime. In the
zigzag direction (y-axis, ka = 0), the electrons have the
parabolic dispersion of Schrdinger Fermions. Moreover,
it has been shown that this anisotropy leads to negative
reflection and anti-super-Klein tunneling in phosphorene
pn junctions [42]. The eigenfunctions are given by
Ψk(r) =
1√
2
(
1
seiφ(k)
)
eik·r, (5)
where the phase (or pseudo-spin) reads
φ(k) = arctan
(
Im[g(k)]
Re[g(k)]
)
= arctan
(
λ1(k) cos(kδ)− λ2(k) sin(kδ)
λ2(k) cos(kδ) + λ1(k) sin(kδ)
)
, (6)
with λ1(k) = 2t1 sin(ka/2) cos(kb/2) and λ2(k) = t2 +
2t1 cos(ka/2) cos(kb/2).
III. PHOSPHORENE PN AND PNP
JUNCTIONS
A phosphorene pn junction, which will be the main
building block to construct a phosphorene waveguide, is
constituted by two regions of different electrostatic po-
tential (or doping), which shifts the energy bands, see
Figure 1 (c). In order to understand the electron scat-
tering at the interface of such pn junction, we make the
following ansatz for the wavefunction in region I
ΨI(r) =
1√
2
(
1
seiφi
)
eiki·r +
r√
2
(
1
seiφr
)
eikr·r (7)
and in region II
ΨII(r) =
t√
2
(
1
s′eiφt
)
eikt·r. (8)
The continuity of the wavefunction at the interface allows
to calculate the transmission coefficient
T =
2 sin[φt − (φr + φi)/2] sin[(φi − φr)/2]
ss′ − cos(φt − φr) (9)
as a function of the pseudo-spin angles φi, φr, and φt of
the incident, reflected and transmitted electrons [42].
Total reflection R = 1 − T = 1 is obtained, if the
pseudo-spins of the incident and reflected electrons are
parallel and thus, their difference vanishes, φi − φr = 0.
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Figure 2. Reflection coefficient R = 1−T at the interface of a
phosphorene pn junction (V = 2E) as a function of the angle
of incidence θ (see Figure 3 (a)). Total reflection, R = 1, is
obtained for all θ and all electron energies E, if the junction
is oriented parallel to the armchair edge. If the junction is
parallel to the zigzag edge, the reflection is minimal for normal
incidence but increases strongly for grazing θ and lower E.
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Figure 3. (a) Schematic representation of a perfect electron
waveguide based on a phosphorene pnp junction. Electrons
are injected in the n region (orange). At the interface to
the p region (blue), they are totally reflected due to anti-
super-Klein tunneling. (b) Electronic band structure across
the potential well that generates the pnp junction.
This is the case when the interface of the pn junction
is aligned parallel to the armchair edge (x-axis in Fig-
ure 1 (a)), because in this case the sign change of the
transverse momentum, krb = −kib, does not affect the
pseudo-spins in (6). These findings are confirmed by Fig-
ure 2, which shows the reflection coefficient R as a func-
tion of the angle of incidence θ. This omni-directional
total reflection, named anti-super-Klein tunneling, ap-
pears for all pn junctions parallel to the armchair edge,
independently of the precise value of the electron energy
and electrostatic potential. It does not rely on the ex-
istence of an energetically forbidden region but on the
pseudo-spin directions. Therefore, such phosphorene pn
junctions can be used to confine and guide an electron
beam within a wide range of parameters. If the pn junc-
tion is oriented parallel to the zigzag edge (y-axis in Fig-
ure 1 (a)), the anti-super-Klein tunneling does not take
place. Nevertheless, Figure 2 shows that the transmis-
sion is finite and decreases for grazing angles of incidence
and lower electron energies. Waveguides constructed by
means of such junction are possible but less efficient.
A perfect electron waveguide is formed by a phospho-
rene pnp junction that is aligned along the armchair edge,
because the anti-super-Klein tunneling confines the elec-
trons within the n channel, see Figure 3 (a). Such junc-
tion is generated by the potential well
V (r) =

V if y ≤ 0 (sidewall, region I),
0 if 0 < y < w (channel, region II),
V if y ≥ w (sidewall, region III),
(10)
where w is the width of the n channel. Experimentally, a
pnp junction in phosphorene could be realized by metallic
gates. Following [88], it could be formed also by means
of a nanotube on top of a phosphorene layer and a back-
gate. Another experimental strategy could be to deposit
phosphorene (or few-layer black phosphorus) over an an-
nealed Cu foil that produces the potential well, as real-
ized in graphene [63].
For the wavefunction inside the channel (region II), we
make the ansatz
ΨII(r) =
r1√
2
(
1
seiφi
)
eiki·r+
r2√
2
(
1
seiφr
)
eikr·r, (11)
while outside the channel (region I/III) we write
ΨI/III(r) =
tI/III√
2
(
1
s′eiφ
I/III
t
)
eik
I/III
t ·r. (12)
Using the continuity of the wavefunction at the inter-
faces, this ansatz yields the simple resonance condition
|ky|w = npi with an integer number n. This condition
can be understood easily by taking account that anti-
super-Klein tunneling takes place at the interfaces of
the channel. Thus, the sidewalls act as infinite poten-
tial walls, where the wavefunction vanishes. Note that if
we consider a potential such that the sidewalls represent
energetically forbidden zones, |V − E| ≤ ∆, the oscilla-
tory waves in the region I and III have to be replaced
by evanescent ones, but the resonance condition remains
the same. Expanding the dispersion relation (4) around
the Γ point, the quantized energy spectrum reads
En(px) ≈
√(
∆ +
p2x
2mx
+
~2n2pi2
2myw2
)2
+ v2p2x, (13)
where mx = 2/
(
2δ(2at1 − δ∆)− t1a2
)
and my =
−2/ (t1b2) are the anisotropic masses, and v = at1 − δ∆
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Figure 4. Current flow in phosphorene nanoribbons. The numerically calculated current density is indicated by the red color
shading; its vector field (in some figures) by yellow arrows. The electrons are injected as narrow plane-waves at the left edge
at energy E = ∆ + 0.2 |t1|. (a,b) In a pristine phosphorene nanoribbon, the ballistic ray-like propagation of the electrons can
be observed. The electron beams are broadened due to diffraction and reflected at the partially absorbing edges. (c-f) In a
phosphorene pnp junction, generated by an electrostatic potential well of hight V = 2E and variable width (see the dashed
horizontal lines), the electron beams are reflected several times within the n region but do not enter (not even gradually) the
flanking p regions. The electrons are guided efficiently within the n region.
is the velocity along the x direction. The guided modes
of the waveguide are given by
ΨA(y) = ΨB(y) =
√
2
w
sin
(npiy
w
)
. (14)
IV. GREEN’S FUNCTION METHOD FOR
QUANTUM TRANSPORT
In order to confirm the functionality of the proposed
phosphorene waveguides, we calculate numerically the
quantum coherent current flow by means of the nonequi-
librium Green’s function method (NEGF) applied to the
tight-binding model of phosphorene. In the following,
we will summarize briefly the essential equations. A de-
tailed introduction to the NEGF method can be found,
for example, in Refs. [89–92].
The Green’s function of the system is given by
G(E) = (E −H − ΣV − ΣC)−1, (15)
where E is the energy of the electrons (times a unit
matrix), H is the tight-binding Hamiltonian (1) and
ΣV =
∑
n V (rn) |n〉 〈n| takes into account the electro-
static potential (10) that generates the pnp junction.
In order to suppress boundary effects and mimic an
infinite system, we place a constant complex potential
ΣC = −i
∑
n∈edge |n〉 〈n| at the edges of the system,
which absorbs the electrons.
We will use two different methods to inject the elec-
trons in the n region at the left edge, see Figure 4 (a).
Within the first approach, the electrons are injected as
plane waves with a Gaussian profile,
A(r) = exp
(− |r − r0|2 /d20), (16)
where the parameter r0 and d0 control the position and
width of the electron beam. These parameters are chosen
in such a way that a narrow electron beam is injected in
the waveguide. The momentum k of the plane waves,
which in general does not correspond to the direction
of propagation due to the anisotropy of the electronic
structure, is calculated from the input parameters E and
θ, as shown in Ref. [42]. The injection is taken into
account within the NEGF approach by the inscattering
function
ΣinS =
∑
n,m∈LE
A(rn)A(rm)ψ
∗
k(rn)ψk(rm) |n〉 〈m| , (17)
where the sum is over all atoms at the left edge (LE).
The ψk(rm) are the eigenstates in (5) evaluated at the
position rn of the atoms at the edge. Second, we will use
the wide-band model to inject the electrons. This model
represents a metallic contact with a constant surface den-
sity of states (DOS), which injects electrons with energy
E from the surface of the Fermi sea without a specified
direction. Within the NEGF approach, this injection is
modelled by the inscattering function
ΣinS =
∑
n,m∈nLE
η |n〉 〈m| , (18)
where η ∼ 1 is a constant proportional to the DOS at the
surface of the metallic contact. The sum runs only over
5the atoms at the left edge which belong to the n region
(nLE). The first model has the advantage that the direc-
tion of the electron beam can be tuned precisely, which
makes it possible to compare the current flow with semi-
classical trajectories [42, 50, 51]. The wide-band model
does not have this flexibility but it is one of the most
general model that approximates various experimental
situations [93]. Finally, the current flowing between the
atoms at positions rn and rm is calculated by means of
Inm = Im(t
∗
nmG
in
nm), (19)
where
Gin = GΣinSG
†. (20)
V. CURRENT FLOW IN PHOSPHORENE
WAVEGUIDES
In the following, we explore the current flow in phos-
phorene nanoribbons by means of the NEGF method
and compare with our predictions from the previous
sections. We consider phosphorene nanoribbons of size
(Lx, Ly) = 1000× 200 a ≈ 442× 88 nm, which consist of
approximately one million atoms.
In Figure 4, we show the current flow for electrons
at energy E = ∆ + 0.2 |t1| that are injected as narrow
plane-wave beams at the left ribbon edge. Note that from
now on, we measure all energies in multiples of |t1| and
distances in multiples of a. In a pristine phosphorene
nanoribbon without an external electrostatic potential,
see Figure 4 (a,b), the electrons propagate ballistically
through the system, but the electron beams are broad-
ened due to diffraction. Reflections at the edges of the
nanoribbon are suppressed gradually due to the absorp-
tion of the complex potential. In presence of the elec-
trostatic potential (10), which generates a pnp junction,
the electrons do not reach the edges at the top or bot-
tom of the nanoribbon but are reflected totally at the pn
interfaces, see Figure 4 (c-f). Note that the electrons are
reflected also to some degree at the right edge of the sys-
tem, which leads to a spurious counter-propagating cur-
rent. The electrons are confined within the n region of the
junction, which thus forms a perfect electron waveguide.
There is no leakage current, although the electrons hit the
interface under very different angles, which demonstrates
the absence of critical angles. The omni-directional to-
tal reflection at the pn interfaces, called anti-super-Klein
tunneling [42], is not due to an energetically forbidden re-
gion, see Figure 3 (b), but due to pseudo-spin blocking.
In the left column of Figure 4, we also observe clearly that
the confinement of the electron beam in a narrow chan-
nel allows us to transfer it without diffraction. However,
note that the shown waveguides are still so wide that
the quantization of the transverse momentum ky is irrel-
evant and the propagation of the electron beams can be
understood in terms of ray-optics [42].
(a)
V = 2 + 0.2
Figure 5. Current flow for electrons with energy E = ∆+0.1.
The energy bands in the n and p regions are sketched to the
right. The electron waveguide does not only work for symmet-
ric potential wells (a), but also for asymmetric configurations
(b,c). In (c) the sidewalls are energetically forbidden regions
due to the intrinsic band gap of phosphorene. (d) The elec-
trons cannot be confined in p′pp′ junctions.
(a)
(b)
Figure 6. Current flow in the case of the wide-band model
for the electron injection (E = ∆ + 0.1). (a) In the homoge-
nous nanoribbon, the current density disperses strongly due
to diffraction. (b) A pnp junction (V = 2E) forms a channel
that guides the electrons through the system.
In Figure 5, we demonstrate that the phosphorene
waveguide also works perfectly for other electron ener-
gies and all potentials that establish a pnp junction,
2∆+E < V <∞. Moreover, total reflection also emerges
for potentials E < V < 2∆ +E due to the intrinsic band
gap of phosphorene. As expected, the electrons cannot
be confined by a p’pp’ junction.
In order to demonstrate the robustness of the pro-
posed device, we show in Figure 6 the current flow ob-
tained by using the wide-band model for the contact
that injects the electrons at the left edge. It can be
observed clearly that an otherwise dispersing electron
beam is confined and guided efficiently by the electro-
static potential of the pnp junction. The way how the
electrons are injected does not alter the functionality
6(b)
(a)
(c)
Figure 7. Current flow at low energy E = ∆ + 0.01 in nar-
row waveguides. In this parameter regime, the subbands (13)
due to the quantization of the transverse momentum become
relevant and guided modes (14) can be observed clearly. The
subbands within the n region are sketched to the right.
(b)
(a)
Figure 8. Current flow in a phosphorene pnp junction aligned
parallel to the zigzag direction (E = ∆ + 0.1, V = 2E). The
confinement of the electrons is not perfect due to the absence
of the anti-super-Klein tunneling. (a) At grazing incidence
angles the electrons are largely reflected, see Figure 2, and
the junction can be used as an (albeit sub-optimal) waveguide.
(b) At near-normal incidence, the current is leaking partially
through the sidewalls. In this situation, the pnp junction does
not serve as an electron waveguide.
of the waveguide. When the electron energy and the
width of the junction is reduced significantly, the quanti-
zation of the transverse momentum ky becomes relevant.
In this regime, only some few subbands are occupied,
n = w
√
2my(E −∆)/(pi~) ∼ 1, and the guided modes
(14) of the waveguide can be observed clearly in the cur-
rent flow patterns, see Figure 7.
We have shown that the electron waveguide works per-
fectly, if the pnp junction is aligned parallel to the arm-
chair edge of the phosphorene lattice. If the channel is
oriented parallel to the zigzag edge, see Figure 8, the
confinement is not perfect because the anti-super-Klein
tunneling is absent. Nevertheless, as shown in Figure 2,
electrons that hit the interface at grazing incidence angles
are largely reflected. This effect increases even if the elec-
tron energy is lowered. Hence, such pnp junctions con-
stitute less efficient but applicable electron waveguides,
(a)
(b)
Figure 9. Current flow in pnp junctions aligned parallel to
the armchair (a) and zigzag (b) edge, respectively. The pa-
rameters are the same as in Figures 4 (c) and 8 (a), but the
current density (red color shading) is on a logarithmic scale,
which highlights the difference between anti-super-Klein tun-
neling (a) and high but partial reflectivity (b).
Figure 10. Current flow in a graphene pnp junction (E =
0.1t′1, V = 2E). Due to Klein tunneling, the electrons cannot
be confined efficiently within the n region of the junction.
They enter the flanking p regions and are absorbed at the top
and bottom edges of the nanoribbon. Graphene pnp junctions
cannot be used as electron waveguides.
provided that the electrons flow essentially parallel to the
sidewalls. The difference between total reflection due to
anti-super-Klein tunneling and typical high (but partial)
reflectivity is shown in Figure 9, which gives the current
density on a logarithmic color scale in order to visualize
the leaking currents.
In order to demonstrate the unique efficiency of the
proposed device, we show in Figure 10 the current flow
in a graphene pnp junction. The graphene nanoribbon
is modelled by the standard first-nearest neighbor tight-
binding Hamiltonian [51, 94, 95]. Electrons are injected
at energy E = 0.1t′1 by means of the wide-band model
within the n region of the junction, generated by the
electrostatic potential (10) with V = 2E. Note that in
the case of graphene, energies and distances are measured
in multiples of t′1 = 2.8 eV and a
′ = 1.42 A˚, the coupling
energy and distance of neighboring carbon atoms. It can
be observed clearly that in graphene the electrons pass
the interfaces of the pnp junction due to Klein tunneling
and are absorbed finally at the top and bottom edges
of the nanoribbon. In fact, no current density can be
detected at the right edge of the system. It is therefore
impossible to construct an electron waveguide based on
a graphene pnp junction.
Finally, we analyze the current flow in a crossroad-
shaped pnp junction, see Figure 11. In order to benefit
7(a) (b) (c)
Figure 11. Current flow in a crossroad-shaped pnp junction. The current (E = ∆ + 0.1, V = 2E) is injected by means of the
wide-band model at the bottom. Altough the confinement in the vertical waveguides is not perfect, we observe that the current
is devided and guided through the n region of the junction. Moreover, we can block branches at the crossroad by raising the
electrostatic potential in this region and direct efficiently the current flow.
from the high reflection at grazing incidence angles along
the zigzag direction, the current is injected at the bot-
tom edge by means of the wide-band model. We observe
that the current is split into the different branches at the
crossroad. Moreover, if branches are blocked by raising
the electrostatic potential in this region, we observe that
the electron beam can be guided efficiently in different
directions. Note that such electron highways have been
proposed also in bilayers of graphene using the intrinsic
band gap of the material [96], but they are impossible in
monolayers of graphene.
VI. CONCLUSIONS
We have shown that phosphorene pnp junctions, gen-
erated by regions of different electrostatic potential, can
be used to confine and guide efficiently electrons in this
material. Electron beams propagate in such waveguides
like light beams in optical fibers, see Figure 4. In nar-
row junctions at low electron energy, the quantization
of the transverse momentum becomes relevant and the
guided modes of the waveguide can be observed, see Fig-
ure 7. There is absolutely no leakage current in junc-
tions that are aligned parallel to the armchair edge of the
phosphorene lattice due to the anti-super-Klein tunnel-
ing, the omni-directional total resistance due to pseudo-
spin blocking. The waveguides operate without any loss
for all steering angles of the electron beam, because they
do not rely on the existence of a critical angle. More-
over, they work perfectly for all electron energies and
potentials that establish a pnp junction. Junctions that
are not parallel to the armchair edge suffer from partial
transmission through the sidewalls of the junction, see
Figure 8. Nevertheless, the transmission decays strongly
for grazing incidence angles and lower electron energies,
see Figure 2, making such junctions not perfect but fea-
sible waveguides, in particular if the steering angles of
the electron beam are mostly grazing. In this way, we
have shown that a crossroad-shaped pnp junction can
be used to split and direct efficiently the current flow in
phosphorene, see Figure 11. Our theoretical work paves
the way to electron optics experiments in phosphorene.
Moreover, the proposed nanoelectronic device, a perfect
lossless electron waveguide, may find also application, for
example, as electron conveyors in quantum information
technology.
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